Introduction
============

Most existing crop plants have been domesticated from wild forms. In rice, cultivated rice of *Oryza sativa* L. was originated from Asian wild rice, *Oryza rufipogon* Griff. ([@b16-65_430]). In the early stage of domestication, people selected rice plants with desirable morphological traits, such as non-seed-shattering habit, no seed dormancy and high seed production ([@b22-65_430]). Subsequently, local varieties were established according to different natural and cultural environments. More recently, modern breeding techniques have been applied to produce elite genetic lineages of rice. However, artificial selection and breeding have rapidly reduced genetic variation in cultivated rice. Although wild rice is inferior in terms of production quantities, it may retain beneficial genes that have been lost in cultivated rice through artificial selection and breeding. In fact, there is considerable evidence that wild rice genes can improve the yield of cultivated rice and its resistance to diseases ([@b1-65_430], [@b25-65_430], [@b26-65_430]). However, to utilize these beneficial genes, we must further understand the degree of genetic variation in wild rice species.

Molecular markers are powerful tools for determining genetic diversity among crop species, and microsatellite or simple sequence repeat (SSR) markers can detect variation among related species ([@b11-65_430]). Although genetic variation in wild rice has been previously studied, most of them have been seed-derived materials acquired from germplasm institutes or seed banks, but these materials do not wholly reflect the real figure of wild rice, as they are artificially maintained by seed propagation from single plants. Under natural conditions, wild rice generally forms a population to adapt to marked environmental changes. These indicate that studies using seed-derived materials from germplasm institutes can not provide information on natural wild plants with no or less seed production, and also can not reveal genetic variation at the population level.

Several studies have evaluated genetic variation among wild natural populations in China, Laos, Myanmar, Vietnam and Thailand ([@b3-65_430], [@b8-65_430], [@b10-65_430], [@b20-65_430], [@b24-65_430], [@b28-65_430]). They estimated observed and expected heterozygosity values, gene diversity values and genetic distances based on the allelic variation at SSR loci. However, the wild rice populations were maintained through various propagation methods, such as seed (self-pollination and cross-pollination) and clonal propagation, and their mixture. Therefore, we should also clarify population structure by determining the identical genotypes at the individual level in each population.

Cambodia has many diverse ecosystems including regions subject to drought, flooding and low soil nutrient availability ([@b9-65_430]). Cambodia has an area of 181,035 km^2^, bordering on Thailand, Laos and Vietnam, with the large central plain containing Mekong River complex and Tonle Sap Lake in the center ([@b14-65_430]). In the rainy season, the central plain is flooded with water associated with Mekong River. Rice is cultivated in a wide range of agroclimatic conditions, including areas that are irrigated, rain-fed or flood-prone ([@b15-65_430]), and accordingly, many rice cultivars and wild forms are grown throughout the country. An early study of Cambodian rice diversity analyzed about 300 local varieties, focusing on seed morphology ([@b4-65_430]). Decades later, [@b17-65_430] analyzed genetic variation in the same seed samples using 12 SSR markers, and found that these varieties had considerable genetic variation. However, despite the prominence of wild rice throughout Cambodia, little is known about its genetic structure.

To address this knowledge gap, this study examined a large number of DNA samples in wild rice populations in Cambodia using the 12 SSR markers, aiming to reveal genetic structure and temporal changes in genetic diversity among wild rice populations. The population structure was further revealed at the individual level by determining the identical genotypes across all the SSR markers in each population. This novel information with population ecological data will be important to utilize and conserve wild natural genetic resources.

Materials and Methods
=====================

Wild rice populations in Cambodia
---------------------------------

In November 2007, we surveyed wild rice in Cambodia, and five research sites (CB61, CB63, CB64, CB66 and CB68) were selected to cover various growing conditions ([Fig. 1](#f1-65_430){ref-type="fig"}, [Table 1](#t1-65_430){ref-type="table"}). In CB61 and CB68, all the wild rice plants withered and dried in the dry season according to the local people, and the plant morphology was the same as the typical annual form described by [@b23-65_430]. Therefore, we classified them as annual populations, and the rest (CB63, CB64 and CB66) as perennial ones. At each site, leaves were collected from the different plants at 1--4 m intervals according to the population size. Leaves were crashed with a wooden hammer, and the extract was fixed on an FTA card (GE Healthcare). These sample sets represented existing wild plants grown under natural conditions. In November 2014, we visited the same sites to record temporal changes in the wild rice populations. However, at two sites (CB61 and CB66), the plants no longer existed because of infrastructure development. At the remaining three sites, sample collection and leaf extract fixation were performed as in 2007.

Molecular analysis using SSR and chloroplast DNA markers
--------------------------------------------------------

A total of 12 SSR markers (RM2, RM31, RM44, RM60, RM201, RM208, RM225, RM229, RM231, RM237, RM247 and RM258) across the 12 rice chromosomes were used in this study. These markers were developed by [@b2-65_430]. Two chloroplast DNA markers, ORF29 and ORF100, were also used to analyze cytoplasmic variation in wild rice populations. They were previously used to detect mutations between Japonica-type and Indica-type cultivars: most Indica-type cultivars have a 69 base pair (bp) deletion and a 32-bp insertion in ORF100 and ORF29 flanking regions, respectively ([@b5-65_430], [@b21-65_430]). PCR was performed in a 20 μL mixture containing 0.5 μM of each primer, 10 μL of 2X PCR buffer (TOYOBO), 0.1 U KOD FX Neo polymerase, and a small disk (1.25 mm in diameter; punched out from the FTA card) as a template. Before PCR, a small FTA disk was washed with FTA purification reagent (GE Healthcare). The amplification profile was as follows: 2 min at 95ºC for initial denaturation, followed by 35 cycles of 30 sec at 94ºC, 30 sec at 60ºC, 2 min at 68ºC, and ending with 2 min at 68ºC for final extension. The PCR products were electrophoresed in 4% polyacrylamide gel, and the band pattern was visualized using silver staining method as described by [@b19-65_430].

Evaluation of genetic variation in Cambodian wild rice
------------------------------------------------------

Genetic variation within wild rice populations was examined based on the gene diversity value ([@b13-65_430]), which corresponds to expected heterozygosity for a random mating population. Averages were used as overall gene diversity values to compare the genetic variation within populations. For three populations, temporal changes were further examined based on overall gene diversity values and individual genotypes. Genetic differentiation among wild rice populations was evaluated based on Nei's genetic distances ([@b12-65_430]). These values were calculated using POPGENE ver. 1.31 ([@b27-65_430]), and an unrooted dendrogram was constructed using UPGMA with the TreeView program ([@b18-65_430]).

Data on local and modern rice varieties in Cambodia
---------------------------------------------------

Previously, we surveyed genetic variation among 311 local and modern varieties of rice in Cambodia ([@b17-65_430]). Of these, 276 were collected by the late Prof. Hamada, Hyogo University of Agriculture, Japan in 1957 and 1958. [@b4-65_430] classified them into four groups, "floating rice", "rice in dry regions", "common non-glutinous rice" and "glutinous rice" ([Supplemental Table 1](#s1-65_430){ref-type="supplementary-material"}). The other 35 were modern varieties produced by pure line selection in Cambodia ([Supplemental Table 2](#s1-65_430){ref-type="supplementary-material"}). Because analyses were based on the same 12 SSR markers used for Cambodian wild rice populations, data were also used to compare genetic variation and differentiation between wild and cultivated rice groups.

Results
=======

Genetic variation within populations in Cambodian wild rice in 2007
-------------------------------------------------------------------

A total of 448 leaf samples of wild rice were collected at five research sites in 2007, and leaf extracts were fixed on FTA cards. The electromorph band patterns of 12 SSR markers, and the number of alleles per locus were used to calculate the observed heterozygosity and the gene diversity (corresponding to the expected heterozygosity) for each population ([Table 2](#t2-65_430){ref-type="table"}). On average, observed heterozygosity of the annual populations CB61 (0.05) and CB68 (0.10) was lower than that of the perennial populations CB63 (0.81), CB64 (0.67) and CB66 (0.76). This indicates that annual populations were fixed as homozygotes. In addition, the gene diversity values of the annual populations, CB61 (0.60) and CB68 (0.22), were relatively low compared to the perennial populations, which ranged from 0.58 in CB63 to 0.79 in CB64. The overall gene diversity value of Cambodian wild rice was 0.81. These indicate high genetic variation in Cambodian wild rice was mainly due to that in perennial populations.

Redundant genotypes across 12 SSR marker loci in wild rice populations in 2007
------------------------------------------------------------------------------

The observed heterozygosity and gene diversity were calculated using only the overall allele frequency at each locus. In order to investigate the population structure, individual genotypes across the 12 SSR marker loci were surveyed. [Fig. 2](#f2-65_430){ref-type="fig"} shows percentages of genotypes shared with more than two plants (hereafter redundant genotypes) in the order of frequency. In 2007, 14, 9, 1, 9 and 5 redundant genotypes were detected in CB61, CB63, CB64, CB66 and CB68, respectively ([Fig. 2A](#f2-65_430){ref-type="fig"}). The rest were deemed unique genotypes and were only observed in a single plant. In CB63 and CB68 populations, the most frequent genotypes constituted 45.4% and 40.4% of plants, respectively. Conversely, in CB61 and CB66, about 10% of plants shared the most frequent genotype, whereas only 3.6% in CB64 had identical genotypes while the rest were unique. The overall percentages of redundant genotypes in CB61, CB63, CB64, CB66 and CB68 were 55.1%, 86.0%, 3.6%, 29.2% and 57.3%, respectively. With regard to homozygous fixation, no individuals had all homozygous genotypes at the 12 SSR loci in perennial populations. On the other hand, in the annual populations, fixed homozygous genotypes were found in 79.5% (CB61) and 66.3% (CB68) of plants. These results suggest that identical genotypes were generated through clonal and seed propagation in perennial and annual populations, respectively.

Chloroplast genome variation in Cambodian wild rice in 2007
-----------------------------------------------------------

Two chloroplast DNA markers, ORF29 and ORF100, detect a 69-bp deletion and a 32-bp insertion, respectively. These mutations were found in most Indica-type cultivars, while Japonica-type cultivars and the distantly-related species shared the same type without mutations ([@b6-65_430], [@b7-65_430]). They were named as A (original type) and B (mutant type). Among four possible chloroplast types, A/A, A/B and B/B (indicating ORF100/ORF29 chloroplast types) were observed in five wild rice populations in 2007 ([Table 3](#t3-65_430){ref-type="table"}). In CB63 and CB68, the chloroplast types were fixed as B/B. In other populations, B/B type occurred as a majority. This suggests that the chloroplast genome of most Cambodian wild rice is the same as that of ancestral wild rice of Indica-type cultivars. In addition, because the B/A type was not detected, the mutation at ORF29 might occur ahead of the mutation at ORF100. Although the chloroplast genome is conservative, plants with different chloroplast types were maintained even in the same population.

Temporal changes in genetic variation in Cambodian wild rice
------------------------------------------------------------

In 2014, wild rice plants were surveyed at three research sites (CB63, CB64 and CB68) that were previously sampled in 2007. In total, 212 samples were analyzed using the same set of 12 SSR markers and two chloroplast markers ([Supplemental Table 3](#s1-65_430){ref-type="supplementary-material"}). The average observed heterozygosity values of the 12 SSR markers for CB63, CB64 and CB68 populations were 0.82, 0.62 and 0.07, respectively. These values were very similar to the values determined in the 2007 survey (0.81, 0.67 and 0.10, respectively) ([Table 2](#t2-65_430){ref-type="table"}, [Fig. 3A](#f3-65_430){ref-type="fig"}). In addition, the average values of gene diversity for CB63 (0.59), CB64 (0.78) and CB68 (0.31) were also similar to those found in 2007 ([Fig. 3B](#f3-65_430){ref-type="fig"}). These results indicate that heterozygosity and allele frequency in these three populations were maintained from 2007 to 2014. Moreover, chloroplast genome variation was also conserved in these populations ([Table 3](#t3-65_430){ref-type="table"}). [Fig. 2B](#f2-65_430){ref-type="fig"} illustrates redundant and unique genotypes in three populations. Although the genotype frequencies differed slightly between 2007 and 2014, the most frequent genotypes were retained in CB63 and CB68.

Genetic differentiation among Cambodian wild rice populations in 2007
---------------------------------------------------------------------

The genetic differentiation among five wild rice populations in Cambodia was evaluated based on the Nei's genetic distances in 2007 ([Table 4](#t4-65_430){ref-type="table"}). These values ranged from 0.78 to 1.46, with an average of 1.09, showing an almost equal level of genetic differentiation among populations. Previously, [@b17-65_430] analyzed Cambodian local and modern rice varieties with the same set of 12 SSR markers used in this study, and found genetic distances between five cultivar groups ranging from 0.09 (between non-glutinous and modern rice groups) to 0.51 (between floating and dry region rice groups). Their average genetic distance of 0.25 was about 1/4 of that for wild rice, illustrating the greater genetic differentiation in Cambodian wild rice. A phylogenetic tree was constructed based on genetic distances ([Fig. 4](#f4-65_430){ref-type="fig"}), which showed two major groups: one group consisted of CB61 and CB68, and the other contained the rest. These groups corresponded to the annual and perennial populations, respectively, and ecological factors likely influenced this genetic differentiation among wild rice populations.

Comparison of genetic variation between wild and cultivated rice in Cambodia
----------------------------------------------------------------------------

Regarding the gene diversity value, we examined Cambodian cultivated rice varieties using the same set of markers ([@b17-65_430]). The overall gene diversity values for 276 local varieties and 35 modern varieties were 0.55 and 0.46, respectively. The lower genetic variation in the modern varieties may be caused by modern plant breeding (pure line selection). The overall value for wild rice was 0.81, which was much higher than those in cultivars ([Fig. 5](#f5-65_430){ref-type="fig"}). These results exemplify that artificial selection and breeding activities can reduce genetic variation in crop species.

Discussion
==========

Five research sites were selected to represent various ecological conditions in which wild rice naturally grows ([Table 1](#t1-65_430){ref-type="table"}). In CB61 and CB68, the land completely dried during the dry season, so populations were maintained with seed propagation of annual plants. The average observed heterozygosity values in 2007 were quite low in CB61 (0.05) and CB68 (0.10), suggesting that these annual plants propagate mainly through self-pollination ([Table 2](#t2-65_430){ref-type="table"}). The number of plants homozygous at all 12 SSR loci were high in CB61 (79.5%) and CB68 (66.3%). In CB61, all 14 redundant genotypes (55.1% in total) and more than half of the unique genotypes (24.4%) were homozygous at 12 SSR loci, indicating that this population consists of many kinds of homozygous plants through self-pollinated seed propagation. This mixed genetic structure may have occurred due to a wide distribution area (ca. 20 × 100 m) and less human disturbance, as CB61 was located in open vacant land between National Road and the airport fence in Phnom Penh, with no adjacent paddy fields. In 2014, this population no longer existed because of the expansion of the airport. In CB68, annual plants grew along the paddy ditch in a narrow long strip (2 × 200 m). Furthermore, the population was beside a paddy field, and farmers may have periodically cut the plants to clean the ditch. Under such severe human disturbance, some annual genotypes would survive through seed propagation, and in 2007, almost half the population was occupied by two redundant genotypes (40.4% and 9.0%). In the same population, 42.7% of genotypes were unique, but most of them had at least one heterozygous allele at the 12 loci. This suggests that there may be some gene flow from the cultivars in the nearby paddy field.

In 2007, the perennial plants were observed in three sites (CB63, CB64 and CB66) where water and humidity remained throughout the dry season ([Table 1](#t1-65_430){ref-type="table"}). The wild plants in CB63 grew along the water's edge of the pond at an elementary school and may have been periodically cut but not removed, and the site was not near the paddy field. This may have allowed clonal propagation in the population, and considering the high average observed heterozygosity (0.81) in the population ([Table 2](#t2-65_430){ref-type="table"}), the redundant genotypes (86.0%) could not have been produced through seed propagation. In addition, most of the unique genotypes (14.0%) may have been generated through clonal propagation. This was strongly supported by the highly observed heterozygosity (0.99) with only three alleles at RM201 ([Table 2](#t2-65_430){ref-type="table"}). Wild plants in CB66 grew under similar condition as in CB63 except that CB66 was near the paddy field and therefore may have suffered disturbances by farmers. This kind of human activity may lead to decreased redundant genotypes (29.2% in total) in CB66 ([Fig. 2A](#f2-65_430){ref-type="fig"}). Much less redundancy (3.6%) was observed in the CB64 population. In this site, samples were collected from wild rice floating on the floodwater (2--3 m in depth) covering the paddy fields in the expanded Tonle Sap Lake. In CB64 and CB66 populations, high allele numbers and gene diversity values were observed ([Table 2](#t2-65_430){ref-type="table"}), and the populations mainly consisted of unique genotypes (96.4% in CB64 and 70.8% in CB66). Especially in CB64, seeds and stems may have been relocated and mixed along with the flood flow. Their high genetic variation may have been maintained by both seed (self-pollination and cross-pollination) and clonal propagation.

Temporal changes in genetic variation were examined in three populations (CB63, CB64 and CB68) between 2007 and 2014. Population genetics parameters of observed heterozygosity and gene diversity were found to be similar in three populations ([Fig. 3](#f3-65_430){ref-type="fig"}). Regarding the redundant genotypes, the most frequent types were retained in CB63 and CB68 ([Fig. 2B](#f2-65_430){ref-type="fig"}). In 2014, we found that the distribution area of wild rice decreased because of the size reduction of the pond at population CB63 and the road expansion at population CB68. These changes likely caused different frequencies for the genotypes at the individual level. Furthermore, chloroplast type variation was maintained in the three populations ([Table 3](#t3-65_430){ref-type="table"}). These results suggest that allele frequency and chloroplast genome types were mostly maintained between 2007 and 2014, but genotype frequencies varied depending on the population size change.

In 2014, the wild plants disappeared at two sites (CB61 and CB66) because of infrastructure development. Such rural industrialization is common in tropical Asian countries, and wild rice habitat is gradually decreasing. Since wild rice is one of important natural genetic resources, we should consider its conservation. The present results indicate that wild rice in annual populations can be preserved as seeds because they mainly consist of homozygous plants through self-pollinated seed propagation. However, perennial populations keep many types of heterozygous plants through both seed and clonal propagation, suggesting that they should be maintained by *in situ* conservation to keep genetic variation in the populations.

The genetic differentiation among five wild rice populations was evaluated based on Nei's genetic distances. Although ecological conditions and allelic variation were different, almost equal levels of genetic differentiation were observed among the five populations ([Table 4](#t4-65_430){ref-type="table"}). In the phylogenetic tree, annual and perennial populations were mostly divided ([Fig. 4](#f4-65_430){ref-type="fig"}), suggesting that genetic differentiation was influenced by ecological, rather than geographical, factors. Using the same set of SSR markers, gene diversity values for wild rice, local varieties and modern varieties were compared ([Fig. 5](#f5-65_430){ref-type="fig"}) ([@b17-65_430]). This clearly shows that domestication and modern breeding activities have reduced genetic variation in Cambodian rice.

Our research group has conducted wild rice surveys in Cambodia, Vietnam, Myanmar, Thailand and Laos for 10 years, and has observed more than 150 wild rice populations. In this study, five wild populations in Cambodia were selected, as they were typical wild forms; annual types growing beside paddy field and in open area, perennial types beside paddy field, around the water reservoir and in deep-water area. Based on our experience, many wild rice populations in tropical Asian countries could be classified into the five forms mentioned above. In addition, we previously found that ecological factors had a much greater influence on genetic differentiation among the wild rice populations than did geographical factors ([@b8-65_430]). Therefore, the present results concerning population structure and genetics will be important to further elucidate genetic features of wild rice in Asia, and will also give strong clues to utilize and conserve wild natural genetic resources.
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###### 

Geographical and ecological information on five wild rice populations in Cambodia

  Site   Ecotype     Habitat       Shape (approximate size)             Paddy field      Condition in dry season   Latitude      Longitude      No. samples   
  ------ ----------- ------------- ------------------------------------ ---------------- ------------------------- ------------- -------------- ------------- -----
  CB61   Annual      Roadside      Rectangle blook (20 × 100 m)         Not around       Dry up                    11º33′03.4″   104º50′29.3″   92            --
  CB63   Perennial   Pond          Oval circumference (200 m)           Not around       Partially dry             13º24′19.6″   103º47′50.0″   92            48
  CB64   Perennial   Deep water    Discontiuous patches (200 × 800 m)   Beside (or on)   Paddy field               13º15′41.4″   103º50′08.1″   64            64
  CB66   Perennial   Paddy ditch   Linear (3 × 100 m)                   Beside           Partially dry             11º35′01.6″   104º51′37.5″   100           --
  CB68   Annual      Paddy ditch   Linear (2 × 200 m)                   Beside           Dry up                    13º23′34.7″   103º55′35.0″   100           100

###### 

Number of alleles per locus (A), observed heterozygosity (Ho), and gene diversity (D) found in five Cambodian wild rice populations in 2007

  Marker    Chr.   CB61   CB63   CB64   CB66   CB68   Overall                                                                               
  --------- ------ ------ ------ ------ ------ ------ --------- ------ ------ ------ ------ ------ ------ ----- ------ ------ ------ ------ ------
  RM237     1      7      0.08   0.74   3      0.76   0.49      13     0.72   0.86   11     0.67   0.80   4     0.12   0.25   20     0.44   0.83
  RM208     2      5      0.05   0.63   3      0.76   0.52      10     0.69   0.79   10     0.82   0.71   6     0.09   0.23   11     0.46   0.79
  RM60      3      6      0.05   0.68   3      0.93   0.52      4      0.61   0.59   4      0.71   0.59   2     0.05   0.05   7      0.45   0.64
  RM241     4      10     0.02   0.73   6      0.99   0.62      16     0.55   0.90   15     0.82   0.80   5     0.07   0.22   28     0.47   0.85
  RM31      5      3      0.02   0.29   4      0.99   0.67      15     0.61   0.90   13     0.89   0.86   7     0.10   0.24   15     0.51   0.85
  RM225     6      5      0.05   0.52   2      0.82   0.48      13     0.70   0.87   15     0.85   0.86   4     0.11   0.11   18     0.50   0.69
  RM2       7      8      0.05   0.76   6      0.47   0.60      7      0.52   0.65   10     0.31   0.75   7     0.15   0.25   13     0.29   0.83
  RM44      8      4      0.02   0.44   4      0.29   0.39      12     0.81   0.83   8      0.88   0.76   7     0.12   0.27   17     0.40   0.81
  RM201     9      9      0.09   0.74   3      0.99   0.61      11     0.72   0.88   10     0.72   0.71   5     0.12   0.22   20     0.51   0.87
  RM258     10     8      0.07   0.75   4      0.97   0.88      9      0.61   0.71   12     0.94   0.75   5     0.13   0.25   24     0.53   0.88
  RM229     11     6      0.05   0.57   3      0.90   0.58      13     0.79   0.81   10     0.86   0.76   5     0.06   0.33   18     0.52   0.76
  RM247     12     6      0.03   0.35   4      0.82   0.54      8      0.69   0.72   8      0.70   0.79   5     0.08   0.19   14     0.45   0.86
                                                                                                                                            
  Average          6.4    0.05   0.60   3.8    0.81   0.58      10.9   0.67   0.79   10.5   0.76   0.76   5.2   0.10   0.22   17.1   0.46   0.81

###### 

Number of plants having different genotypes of chloroplast markers (ORF100 and ORF29) found among five wild rice populations in Cambodia

  Site   Year   ORF100/ORF29[a](#tfn1-65_430){ref-type="table-fn"}        
  ------ ------ ---------------------------------------------------- ---- -----
  CB61   2007   5                                                    10   77
                                                                          
  CB63   2007   0                                                    0    92
         2014   0                                                    0    48
                                                                          
  CB64   2007   1                                                    11   52
         2014   1                                                    17   46
                                                                          
  CB66   2007   15                                                   22   63
                                                                          
  CB68   2007   0                                                    0    100
         2014   0                                                    0    100

ORF100 genotype/ORF29 genotype.

A and B: Original and Indica specific genotypes, respectively.

###### 

Nei's genetic distances between Cambodian wild populations based on the data in 2007

  Population   CB61   CB63   CB64   CB66   CB68
  ------------ ------ ------ ------ ------ ------
  CB61         --                          
  CB63         1.29   --                   
  CB64         1.46   0.93   --            
  CB66         1.01   0.91   0.78   --     
  CB68         0.88   1.06   1.31   1.26   --

[^1]: Communicated by K. Kato
